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Abstract

The reprocessing and recycling of spent nuclear fuel can benefit the nuclear fuel cycle by 
destroying actinides or extending fissionable resources if uranium supplies become limited.  The 
purpose of this study was to assess reprocessing and recycling in both fast and thermal reactors 
to determine the effectiveness for actinide destruction and resource utilization.  Fast reactor 
recycling will reduce both the mass and heat load of actinides by a factor of 2, but only after 3 
recycles and many decades.  Thermal reactor recycling is similarly effective for reducing 
actinide mass, but the heat load will increase by a factor of 2.  Economically recoverable reserves 
of uranium are estimated to sustain the current global fleet for the next 100 years, and 
undiscovered reserves and lower quality ores are estimated to contain twice the amount of 
economically recoverable reserves—which delays the concern of resource utilization for many 
decades.  Economic analysis reveals that reprocessed plutonium will become competitive only 
when uranium prices rise to about $360 per kg.  Alternative uranium sources are estimated to be 
competitive well below that price.  Decisions regarding the development of a near term 
commercial-scale reprocessing fuel cycle must partially take into account the effectiveness of 
reactors for actnides destruction and the time scale for when uranium supplies may become 
limited.  Long-term research and development is recommended in order to make more dramatic 
improvements in actinide destruction and cost reductions for advanced fuel cycle technologies.

The original scope of this work was to optimize an advanced fuel cycle using a tool that couples 
a reprocessing plant simulation model with a depletion analysis code.  Due to funding and time 
constraints of the late start LDRD process and a lack of support for follow-on work, the project 
focused instead on a comparison of different reprocessing and recycling options.  This 
optimization study led to new insight into the fuel cycle.  
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Executive Summary

Reprocessing and recycling of actinides has seen a resurgence of interest due to the anticipated 
growth of nuclear energy and the uncertainty associated with the licensing of the Yucca 
Mountain repository.  Reprocessing has been justified on the basis of two main arguments: (1) 
reducing radiotoxic and heat-producing waste, and (2) extending uranium resources.  The 
original goal of this work was to optimize a simpler fuel cycle by developing a tool for 
reprocessing and recycling analysis.  However, given funding constraints, the tool development 
was dropped in an effort to focus on the bigger picture of providing an assessment of 
reprocessing and recycling options. 

Waste reduction is accomplished by separating the long-lived actinides from spent fuel and 
recycling them back into reactors to be burned up.  The fission products produced from burning 
the actinides on average have much shorter half-lives so will decay to benign elements much 
sooner.  This paper investigated the actual actinide destruction effectiveness of reactors once 
those elements are recycled back into the fuel cycle.   

This study investigated both the use of fast reactors and existing thermal reactors for burning 
actinides.  Both fast and thermal reactors will take 3 recycles to reduce the mass of actinides by a 
factor of 2.  The heat load of the recycled spent fuel from fast recycle will also be reduced by a 
factor of 2, while that from thermal recycle will have increased by a factor of 2.  Therefore, fast 
reactors are effective at reducing the heat load, while thermal reactors are not.  

A literature review was conducted to investigate the availability of uranium resources.  Currently 
known, economically recoverable reserves will be able to fuel the existing global fleet of reactors 
for the next 100 years.  Uranium resource estimates from undiscovered sources and more 
expensive sources are twice the economic reserves.  Re-enrichment of depleted uranium will also 
become an economically feasible source as prices rise.  According to one report, the price of 
uranium would need to rise to $360 per kg in order for reprocessed plutonium to compete 
economically.  Therefore, reprocessing may not be required (solely for the purpose of resource 
sustainability) for many decades.  

Ultimately, fast reactors provide an advantage over thermal reactors in being able to burn all 
actinides without creating more heat load.  In the future, they can be used for breeding fuel if 
uranium resources become limited.  The cost of reprocessing and fast reactors will likely need to 
be reduced considerably before this fuel cycle becomes economically attractive.  A vigorous 
research program investigating advances in actinide destruction and cost reductions of fuel cycle 
facilities by a wide variety of reprocessing and recycling techniques should be encouraged.
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An Assessment of Spent Fuel Reprocessing for 
Actinide Destruction and Resource Sustainability

1.0 Introduction
The recent interest in expanding nuclear energy has initiated new debate regarding the need for 
an advanced nuclear fuel cycle.  Proponents of reprocessing and recycling of spent fuel suggest 
that these technologies are needed for reducing the amount of nuclear waste and extending 
uranium resources when supplies become scarce.  Given the current difficulties with building a 
deep geologic repository, an advanced fuel cycle may provide other options.  Opponents argue 
that an advanced fuel cycle will lead to high costs, greater proliferation risk, and greater safety 
risks.  

A number of different recycling scenarios have been proposed in the past.  A reprocessing plant 
is the first step to separate various constituents from spent fuel, but the complexity of the plant 
depends on the recycling strategy.  The simplest option with the most commercial experience 
would be an aqueous reprocessing plant designed simply to remove uranium and plutonium from 
spent fuel.  A more complex option may separate out all minor actinides (including neptunium, 
americium, and curium) and possibly select fission products (cesium and strontium).

Actinides can be recycled as a fuel in either existing light water reactors or advanced fast 
reactors.  The other wastes generated from reprocessing will need to go to various storage 
facilities—again, the number of waste forms and complexity of the waste storage solutions 
depends on the fuel cycle.

Regardless of the recycling scenario, the building of a reprocessing plant, fuel fabrication 
facility, and possibly fast reactors will be expensive and require extensive development to 
support license applications.  The need for reprocessing must be clearly established in order to 
justify the expense.  The purpose of this study was to assess spent fuel reprocessing and 
recycling for destroying actinides and extending uranium resources.

A literature review of the past work on fast and thermal reactor transmutation was first 
conducted.  Then an independent assessment of fast versus thermal recycling was performed 
using ORIGEN2.2 in order to assess the relative rates of actinide destruction.  This analysis is 
shown in Section 4. 
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2.0 Reprocessing & Recycling Spent Fuel
Two main justifications for reprocessing and recycling of spent nuclear fuel are: 1) to destroy 
long-lived actinides, and 2) to extend uranium resources.  Reprocessing by itself only segregates 
spent fuel into different products.  To truly reduce the waste, some of the products must be sent 
to reactors to be burned up or transmuted.

2.1 Spent Fuel Composition
 
The current fleet of roughly 100 light water reactors in the United States produces about 2,200 
metric tons of spent fuel per year.  Extrapolating from reference [1], roughly 58,000 metric tons 
of spent fuel have accumulated around the country to date.  Most of this fuel is sitting at the 
individual reactor sites either in cooling pools or dry casks.  

The vast majority of the mass and volume of spent fuel assemblies is uranium oxide, zirconium 
in the cladding, and steel in the support structure.  While typical fresh fuel may have a 235U 
enrichment of 4-5%, the spent fuel has an enrichment of about 1% or less.  The plutonium 
content in spent fuel is also about 1%.  This fissionable material can be recycled as a fuel if it is 
economically desirable to do so.  Separated plutonium can be directly used as a reactor fuel for 
existing light water reactors or advanced fast reactors when fabricated into a mixed oxide (MOX) 
fuel.  Reprocessed uranium could also be re-enriched.    

The vast majority of the heat load and 
radiotoxicity of spent fuel comes from the 
rather small percentage of transuranic (TRU) 
actinides and two fission products.  Figure 1 
shows the major heat-producing elements in 
typical spent fuel.

Plutonium, americium, and curium generate 
about half of the heat load and along with 
neptunium are also responsible for most of the 
long-term radiotoxicity of spent fuel (due to 
their long half-lives).  Cesium and strontium 
generate the other half of the heat load, but with 
30-year half-lives they do not make a long-term 
impact.  

The heat load of spent fuel limits how closely 
the waste can be packed into the Yucca Mountain Repository.  One option for extending 
repository capacity is to remove these major heat-producers so that the waste can be placed 
closer together, thus expanding the repository capacity.  However, this issue faces legal and 
political challenges as legislated limits currently cap the amount of waste that can be emplaced.  
Though the current legal limit for the repository capacity is 70,000 metric tons, another study has 
shown that the mountain could hold up to 570,000 metric tons of spent fuel [2].

Cesium
25.33%

Curium
9.37%

Neptunium
0.02%

Uranium
0.01%

Other FP
0.50%

Americium
16.21%

Strontium
21.65%

Plutonium
26.91%

Figure 1: Heat-producers in 50-year-
old, 60 GWD burnup fuel
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2.2 Reprocessing Plant Options

An advanced fuel cycle must include a reprocessing plant to separate components in spent fuel.  
Existing reprocessing plants throughout the world use the PUREX technology which separates 
out plutonium and uranium oxide products.  The products can then be blended to form a desired 
MOX fuel.  It is also possible to pull out the uranium and plutonium together so as not to 
generate a pure plutonium stream (for proliferation concerns).  Figure 2 shows the PUREX 
concept.

Chop &
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Alloying/
Compacting
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Extraction

U & Pu
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Vitrification

Product
Conversion

Product
Conversion
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Products

Vitrified 
Waste

Iodine
Technetiu
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Uranyl Nitrate Uranium Oxide
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Plutonium 
Oxide

Hulls
U & 
Pu

Plutonium 
Nitrate

Figure 2: PUREX Reprocessing Plant Concept

The UREX+1a concept was proposed in the original Global Nuclear Energy Partnership (GNEP) 
plan [3].  UREX+1a focuses on removing the major contributors to heat load and radiotoxicity in 
spent fuel.  Uranium is separated, followed by a cesium/strontium separation step to remove the 
short-term heat-producers.  Lastly, all the TRU species (plutonium, neptunium, americium, and 
curium) are separated together for use in fabricating fast reactor fuel.  Removing all these 
elements can drastically decrease the heat load and radiotoxicity of the left-over high level waste 
(HLW).  Figure 3 shows the UREX+1a concept. 
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Figure 3: UREX+1a Reprocessing Plant Concept [3]

A heat load reduction factor of 50 or so is possible, meaning that potentially 50 times as much 
waste could be emplaced in the Yucca Mountain repository.  Yet, the other waste streams must 
also be either stored or burned up in reactors.  One of the concerns about a more complicated 
UREX+ type plant is that the additional waste streams make for many additional regulatory 
challenges since multiple waste storage facilities would need to be licensed.  Also, the TRU 
product places heat and radioactivity back into the fuel cycle which adds handling complications.  

2.3 Transmutation of Waste

The concept of transmutation of waste focuses on burning or fissioning the TRU species.  All of 
the TRU isotopes can undergo fission to help reduce the waste, produce energy, and reduce 
proliferation concerns.  The fissioning of actinides does produce radioactive fission products, but 
on average the fission products have much shorter half-lives than the actinides.  Thus, the goal 
with transmutation is to turn very long-lived actinides into shorter-lived species that eventually 
produce much less heat and radioactivity than the actinides.

The term “waste reduction” can be misleading since sometimes it is used to represent removal of 
species from long-term disposition.  This paper focuses on the actual actinide destruction within 
reactors after being recycled back into the fuel cycle.    

Some long-lived fission products can be transmuted into short-lived species as well through 
neutron capture reactions, but the relatively small contribution of fission products to overall heat 
and radioactivity in waste makes fission product transmutation somewhat impractical.  Also, the 
two largest contributors, cesium and strontium, cannot be transmuted faster than they naturally 
decay [4].  Thus, the focus of waste reduction is on actinide burning.
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Any neutron source can be used for the burning of actinides, but it is most practical in a nuclear 
reactor with high neutron fluxes.  The fission cross-section depends on the neutron energy, so 
there are variations in the burnup of actinides in thermal reactors which have low energy neutron 
fluxes and fast reactors which have high energy neutron fluxes.

2.4 Nuclear Waste Storage

After discharge from existing light water reactors, spent fuel is stored on-site either in cooling 
pools or dry cask storage.  The current plan for sequestering the spent fuel in the Yucca 
Mountain Repository has been estimated to cost $96 billion for the expanded disposition of 
122,100 metric tons [5].  Over the life of the program, this cost is equal to roughly 0.2 ¢/kWh, 
which is roughly twice 0.1 ¢/kWh that the utilities are paying into the Nuclear Waste Fund.  
Alternative fuel cycles that can reduce the amount of waste may be able to reduce the cost of 
disposition on a per kWh basis.

A well-studied alternative option is dry cask storage either at individual reactor sites or at one 
centralized facility.  If the country is not able to decide on a centralized location for waste 
disposal, dry cask storage at existing sites will likely be the solution for waste in the near future.  
This may require that new plants be designed with room for storage on site.  The cost for interim 
dry cask storage at existing reactor sites has been estimated to add 0.07 ¢/kWh to the cost of 
nuclear energy [6].  Transportation to a centralized location would bring the cost up to about 0.09 
¢/kWh, which is in line with the current charge into the Nuclear Waste Fund.  
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3.0 Recycling of Actinides
In reviewing the literature on the justifications for fast reactors, there is considerable debate 
among the scientific community as to how well fast reactors can transmute actinides as compared 
to recycling the actinides into thermal reactors.  The following sections compare recycling of 
actinides in the different reactor types. 

3.1 Thermal Reactors

Current light water reactors could be a desirable method for transmutation since the reactors 
already exist.  New designs have taken advantage of improvements in safety and optimized costs.  
The costs of some minor core changes and increased shielding required for the recycled fuel will 
be very little compared to the costs of building and fueling an entirely new fleet of fast reactors.

All of the TRU actinides can be recycled into thermal reactors.  However, there are practical 
issues that must be taken into account such as the impact of more radioactivity on fuel handling.  
In general, recycling of actinides in light water reactors will only make sense if they can either be 
burned down dramatically or used as a replacement for uranium fuel.  The risk of placing 
actinides in thermal reactors is that some of the isotopes have high neutron capture cross-
sections, meaning they will move up the actinide chain as opposed to fissioning.

For example, plutonium in spent fuel is dominated by 239Pu.  The odd isotopes of plutonium 
(239Pu, 241Pu, and 243Pu) have fission cross-sections that are higher or about the same as the 
neutron capture cross-sections.  The even isotopes of plutonium (238Pu, 240Pu, and 242Pu) have 
higher capture cross-sections.  Therefore, in a thermal spectrum the even isotopes tend to 
transmute into the next higher odd isotope, and the odd isotopes tend to burn.  Yet, a net buildup 
of undesirable plutonium isotopes still occurs.  This pattern is typical for neptunium, americium, 
and curium as well.  The variety of isotopes and cross-sections makes computer codes a 
requirement when performing these analysis—the modeling results are shown in Section 4.

3.2 Fast Reactors

The advantage of a fast neutron spectrum is that for all TRU isotopes the fission cross-section is 
higher than the capture cross-section due to the higher neutron energies.  On average the fission 
cross-section is about an order of magnitude higher.  Actinides placed into a fast spectrum then 
tend to burn down and do not build up.  

However, as compared to the isotopes with high thermal fission cross-sections, the fast fission 
cross-section is about an order of magnitude lower.  For example, though 239Pu mostly burns and 
does not capture in a fast spectrum, it can burn down quicker in a thermal spectrum. 

The net effectiveness for transmutation of actinides in fast reactors is dependent on the 
conversion ratio (CR) of the design.  Fast reactors can be designed to breed as much or more 
fissionable material than they burn—a CR=1 means the destruction rate of actinides equals the 
breeding rate.  Burner fast reactors will have a CR<1 if the goal is to destroy actinides.  A 
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CR=0.5 is probably the best burner that could be achieved in the near-term, but lower CR 
designs are possible with further development.

The proposed use of fast reactors in an advanced nuclear fuel cycle has seen a periodic 
resurgence in interest over the past four decades.  However, fast reactors represent a large jump 
in technological complexity over current light water reactors.  There will be many challenges in 
the safety and licensing of a liquid metal cooled core.  It is expected that fast reactors will cost 
considerably more than an equivalently-sized light water reactor.  Also, it could take as many as 
50-150 new fast reactors (depending on the CR) to be able to burn up transuranic actinides as 
fast as the current light water reactor fleet produces them.  Further research is needed to bring 
down the cost of fast reactors and prove their safety.  

3.3 Fast vs. Thermal Recycle Debate

Ultimately, the effectiveness of fast versus thermal recycling for waste reduction will be resolved 
by economic arguments.  Current predictions for fast reactors place the expected capital cost 
between $2,200 and $2,500 per kWe for an nth of a kind plant [7].  The similar cost prediction 
for advanced light water reactors is $1,500 to $1,800 per kWe [7].  Light water reactors will be 
much more competitive unless the government decides to subsidize fast reactors for other 
reasons.  

The difficulty with performing transmutation studies is that there are many assumptions that can 
be made which can change the results.  The spent light water reactor source term, decay time, 
fast reactor conversion ratio, TRU fueling, spent fast reactor fuel decay time, and number of 
recycles all can be changed to get different results.  For this study, the parameters were kept 
constant whenever possible to get an accurate comparison between the fast and thermal recycle 
options.

There are also a number of different ways to interpret the data.  The total actinide burnup rate, 
change in heat load due to the actinides, change in gamma or neutron dose due to the actinides, 
and individual versus multi-recycle effects can all be examined.  All of these variables are 
important to consider when planning an advanced fuel cycle.  While the reduction in waste 
destined for the repository is important, the amount of actinides, heat load, and radiotoxicity of 
actinides as a function of electricity produced must also be carefully considered.
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4.0 Modeling
Initially this study reviewed the past work on fast versus thermal recycle.  Then an independent 
assessment of fast versus thermal recycling was performed using ORIGEN2.2 in order to assess 
the relative rates of actinide destruction.  Both fast and thermal recycle of TRU actinides were 
examined for five consecutive recycles. 

4.1 Assumptions

The initial spent light water reactor (LWR) fuel used in this calculation was assumed to be 
pressurized water reactor (PWR) fuel, 4.03% initial enrichment, 60 GWD/MT burnup, and 5 
year decay time.  For thermal recycle, it was assumed that CORAIL assemblies (A French 
design) were used which contained all TRU isotopes.  The CORAIL fuel and loading parameters 
were taken from reference [8].

For thermal recycle, the 235U enrichment was assumed to be 5.00%, and the first recycle loading 
of TRU to heavy metal was 12.4%.  The CORAIL assemblies were assumed to use the same 
residence time as the LWR source term, and a burnup of 57.5 GWD/MT.  For multi-recycle, it 
was assumed that the TRU from the previous spent CORAIL assemblies would be separated and 
used to fabricate the next recycle after a 5 year decay time.  The 239Pu content was assumed to be 
constant through multi-recycle, so the total TRU enrichment was increased to make up for the 
changing isotopics.  Appendix A shows the charge and discharge data for five recycles.  It should 
be noted that beyond about 2 recycles, multi-recycling of TRU in light water reactors is likely 
unrealistic due to changing isotopics, but five recycles were assumed for comparison.  

For fast recycle, the same source term was used for consistency.  The TRU and uranium loadings 
given in reference [9] were assumed.  Conversion ratios (CR) of 1, 0.75, 0.5, 0.25, and 0 were 
run.  The fast reactor fuel was assumed to reach a burnup of 175 GWD/MT, with a 1000 MWth 
core design, and a fuel residence time of 4.5 years (the same total length as the LWR fuel 
residence time).  Appendix B shows the charge and discharge data for the five recycles.

For fast reactor recycle, a 5 year decay time was assumed between each recycle.  The 235U/U 
ratio was kept constant as for the previous runs, but the TRU/HM ratio changed slightly.  
Reference [10] was used to estimate the change of TRU loading with time based on a conversion 
ratio 0.25 core (CR0.25).  Based on these values, the following increases were assumed on each 
additional recycle: no change for CR0.0 and CR1.0 cores, +2% change for CR0.75 core, +4% 
change for CR0.5 core, +5% change for CR0.25 core.  

4.2 Modeling Results

The overall purpose of this analysis was to determine the net effectiveness of transmutation of 
actinides.  The best way to show the effectiveness was to track a set amount of TRU as it passed 
through multiple recycles.  Figure 4 shows the change in mass of the dominant species through 
thermal recycle.
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Burnup of TRU in Thermal Reactors
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Figure 4: TRU Burnup in Thermal Reactors

The first recycle is able to reduce the total amount of TRU by 30%, but then subsequent recycles 
see diminishing returns.  The modeling results clearly show a net burnup of 239Pu, 237Np, and 
240Pu.  The isotopes 238Pu, 242Pu, 241Am, 243Am, and 244Cm buildup slightly.  In general, this 
result shows that total plutonium content is decreasing significantly, neptunium decreases 
slightly, and americium and curium buildup.

Figure 5 shows the equivalent result using fast reactors instead.  These results are shown for the 
CR0.5 core, which is probably the lowest conversion ratio that can be realistically achieved for a 
commercial fast reactor.  One of the key differences with using fast reactors is that the 
percentage reduction stays constant at 23% for each cycle in multi-recycle.  Also, every isotope 
decreases using fast reactor recycle—no isotope builds up. 
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Fast Reactor Burnup (CR=0.5)
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Figure 5: TRU Burnup in Fast Reactors [11]

In comparing the total TRU mass reduction, fast reactors and thermal reactors are not much 
different.  In both cases it takes about 3 recycles to reduce the amount of TRU by a factor of 2.  
However, fast reactors can be used indefinitely for actinide reduction whereas light water 
reactors are limited by neutron capture cross-sections.    

The mass change alone does not tell the full story, as heat load is also a concern for the 
repository and fuel cycle.  Normalizing the results from the previous two figures, Figure 6 was 
generated to compare the change in heat load with multi-recycle.  The left side shows the effects 
of thermal recycle while the right side shows the effects of fast recycle.  
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Heat Load Change of One Year's Worth of LWR TRU
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Figure 6: Heat Load Comparison of Thermal and Fast Recycle

Even though thermal recycle is able to decrease the net amount of TRU, the buildup of 238Pu and 
244Cm leads to a buildup of heat load.  After a few recycles, the net heat load will be a factor of 2 
higher.  On the other hand, the use of fast reactors lead to a net decrease in heat load of close to a 
factor of 2 after 3 recycles.

Another useful comparison between thermal and fast reactors is the net burnup/buildup rates for 
the various elements.  Figure 7 shows the elemental burnup/buildup rates for thermal recycle and 
three different fast reactor cores: CR0.75, CR0.5, CR0.25.  Thermal recycle tends to be 
equivalent or better for burnup of neptunium, plutonium, and americium.  However, thermal 
recycle results in a large buildup rate of curium.  As expected, the low conversion ratio fast 
reactor cores achieve higher burnup rates since the fuel contains less depleted uranium for 
breeding.
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Elemental Burnup/Buildup Rate as a Function
of Reactor and Recycle Number
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Figure 7: Rates of Actinide Destruction/Creation

4.3 Discussion

Due to the buildup of heat load, recycling actinides in thermal reactors does not seem to provide 
an actinide reduction benefit.  Fast recycling can reduce to both the amount and heat load of 
actinides.  However, in the end these results may not justify the building of a reprocessing plant 
and fast reactors unless the costs are comparable to the once-through cycle using light water 
reactors.  

The main benefit to waste reduction in either case is in separating out the actinides from the high 
level waste destined for disposal.  A cost benefit to the repository may be seen by this, but only 
at the expense of adding cost to the fuel cycle to be able to handle the added radioactivity and 
heat load.  This added radioactivity will require more remote fuel handling and higher risk to 
workers and facilities. 
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4.4 Comparison to Past Studies

The Advanced Fuel Cycle Initiative (AFCI) and GNEP programs have produced a number of 
references on the topic of thermal and fast recycle.      

Reference [10] provides charge and discharge data on a fast reactor CR=0.25 core recycling 
TRU over 5 recycles.  The actinide percent reduction varies from 27% on the first recycle to 22% 
on the fifth recycle, similar to the results of this study.  Similarly reference [9] provides charge 
and discharge data for one recycle in various conversion ratio fast reactor cores.  The isotopic 
change is similar to the results of this study.  

Reference [12] provides a comparison of thermal recycle and fast recycle and ends with a 
conclusion that favors fast recycle for plutonium and thermal recycle of americium and curium.  
The reference study shows a 73% reduction in 239Pu content from one thermal recycle, which is a 
much larger drop than the results presented here.  However, this is due to the fact that the 
assemblies in the core were assumed to be a mix of uranium oxide (UOX) assemblies, U-Pu-Np 
MOX assemblies, and U-Am-Cm target rods.  The 73% drop only includes the MOX assemblies 
and target rods, so the study did not account for the increase of 239Pu content in the UOX rods.  
The study presented in this paper accounts for the plutonium change in the entire core, which is a 
more representative result.  After accounting for this difference, the results are similar to this 
paper. 

In general the data presented in this report matches well with that used for past analyses.  Subtle 
differences can occur depending on assumptions for the burnup and age of the spent fuel source 
term and various recycling strategies, but these subtle differences will not make an impact on the 
overall conclusions of this report.     
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5.0 Uranium Resource Utilization
In the much longer-term, breeding of plutonium followed by reprocessing and recycling can 
dramatically extend uranium resources.  If uranium resources are expected to become scarce in 
the future (and in turn if the price of uranium gets high enough), reprocessing may be able to 
produce mixed-oxide fuel competitively.  This justification depends on known and estimated 
uranium resources, the price of uranium as compared to the price of reprocessed plutonium, and 
the expected growth of nuclear energy.

5.1 Uranium Resources

The availability of any resource is usually broken down into economically recoverable reserves 
and total estimated reserves.  Economically recoverable reserves refer to known resources that 
are economic to extract at current prices.  Total estimated reserves are all reserves that may be 
recoverable at higher prices.  Uranium reserves are further complicated by the fact that until 
recently, there has not been much exploration for new sources in the United States.  Additional 
resources are likely to be found which are not included in the estimates.

The most recent study on uranium resources [13] has found that the amount of conventional 
uranium resources in the world that can be mined for less than $130/kg is equal to about 5.5 
million metric tons—enough to power the existing 435 commercial reactors in the world for 
about 100 years.  Undiscovered resources were estimated at 10.5 million metric tons.  These 
estimates have recently changed due to additional exploration.

It is important to note that $130/kg (or $60/lb) is economic in today’s market.  If the price of 
uranium goes up, the amount of economically recoverable uranium will also increase to beyond 
100 year’s worth of fuel. 

5.2 Alternative Sources

A few alternative sources of uranium exist that may have value if the price of uranium increases.  
These include depleted uranium from enrichment, uranium in spent fuel, and more exotic ideas 
like uranium extraction from sea water.  

The enrichment process produces about 1 kg of enriched fuel for every 8 kg of mined uranium.  
Thus, enrichment produces 8 times as much depleted uranium as useful fuel, and this resource is 
simply being stored.  Depleted uranium contains about 0.15-0.55% 235U [7], and this material 
could go through enrichment again to make additional fuel.  However, the costs of enriching 
depleted uranium will be higher, so uranium prices would likely need to rise for this to make 
economic sense.

Uranium in spent fuel could also be re-enriched.  After it is pulled out of the reactor, the uranium 
in typical spent fuel may have an enrichment of about 0.5-1%.  Re-enriching uranium from spent 
fuel requires reprocessing, so the cost will be significant.  Also, the production of undesirable 
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uranium isotopes may limit the number of times uranium can be recycled like this.  Altogether, 
reprocessed uranium is another source of fuel that may be important in the future.

Uranium also exists in sea water in very low quantities (along with many other metals).  It could 
be possible to extract uranium from sea water if resources become scarce, but it would be 
expensive.  Initial estimates have placed the cost near $300 per kg [7].  

5.3 Plutonium from Reprocessing

In order for reprocessing to have an economic justification, the fissionable material liberated 
from spent fuel would need to compete with the price of uranium.  Reprocessing plants are 
expensive facilities.  An optimistic estimate of capital cost for a 2,000 MT/yr plant is $10 billion 
[7], while the recent 800 MT/yr Rokkosho Plant in Japan cost $18 billion [14].  Economic 
assessments of the cost of reprocessing typically present the cost in terms of $ per kg of spent 
fuel.  Estimates have been as low as $500 per kg [7], though existing plants around the world 
reprocess spent fuel for $1,500 to $4,000 per kg [14].  $1,000 per kg is probably an optimistic 
estimate assuming a large plant and government financing.    

At this cost, reprocessing will have an economic justification if the price of uranium is near $360 
per kg [14].  Note, though, that this assumes the plutonium product alone would support the cost 
of the reprocessing plant.  If an advanced reprocessing and recycling strategy could make a 
serious impact on the amount of high level waste produced, there may be additional justifications 
for the government to help subsidize the plant.    

The use of Pu MOX in thermal recycle will have limited effect on displacing uranium, ranging 
from 10-20% displacement [15,16].  For multi-recycling, 235U must be added to make up for the 
loss of 239Pu, meaning that multi-recycling will not significantly change uranium requirements.  
Therefore, from a sustainability standpoint, multi-thermal recycle does not make sense.  
However, fast reactors can drastically extend uranium resources through breeding and multi-
recycle. 

Since the amount of neptunium, americium, and curium in spent fuel is so small compared to 
plutonium, these minor actinides will make little difference on displacing uranium fuel if 
recycled.  If reprocessing is established solely to generate another source of fuel, it would be 
better to leave these minor actinides in with the waste and prevent increasing the heat and 
radioactivity of the fuel.

Based on sections 5.1 and 5.2, traditional and alternative uranium sources will likely be much 
less expensive than reprocessed plutonium for a number of decades.  Even in an expanding 
nuclear future, traditional sources of uranium should stay reasonably priced for the next 40-50 
years.  Beyond that time frame, at higher uranium prices, low-quality ores and re-enrichment of 
depleted uranium will become useful sources.  It will only be after these sources are exhausted 
that reprocessed plutonium will be competitive.
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6.0 Conclusion
This study investigated two of the justifications for reprocessing and recycling of actinides.  The 
effectiveness of actinides destruction in thermal and fast reactors was assessed along with the 
availability of uranium supplies.

Both thermal and fast recycle will require three or four passes to reduce the actinide content by a 
factor of 2.  Fast recycle will also decrease the heat load by a factor of 2, but thermal recycle will 
increase the heat load by a factor of 2.  Thus, fast recycle will be the only long-term solution for 
stabilizing actinides without creating additional heat load.  

Fuel utilization is not a good justification for reprocessing at the current time, but this could 
change depending on how quickly new reactors are built.  Uranium resources are still plentiful—
it could be many decades before uranium price increases will make reprocessed fuel competitive.  
Even alternative sources of uranium from low quality ores and re-enrichment of depleted 
uranium will be economic well-before reprocessed plutonium.

Longer term research and development should focus on evolutionary and revolutionary changes 
to reprocessing and transmutation concepts that will make more dramatic improvements on long-
lived isotope destruction.  Fast reactors may be needed at some point in the future for breeding of 
fissionable material, and at that point it would also make sense to burn up the higher order 
actinides.  Fast reactor research should continue to develop less risky and more economic 
designs.
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Appendix A: Thermal Recycle Data 
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Appendix B: Fast Recycle Data

Recycle 1 Charge & Discharge Data (values given as g/MT):
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Recycle 2 Charge & Discharge Data (values given as g/MT):
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Recycle 3 Charge & Discharge Data (values given as g/MT):
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Recycle 4 Charge & Discharge Data (values given as g/MT):
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Recycle 5 Charge & Discharge Data (values given as g/MT):
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